FATC domain ͉ TRRAP ͉ NuA4 ͉ chromatin remodeling T he product of the ataxia telangiectasia (AT) gene, the AT mutant (ATM) protein kinase, is a key component of the signal-transduction pathway activated by DNA damage (1). In response to DNA strand breaks, ATM's kinase activity is upregulated, and ATM becomes autophosphorylated on Ser 1981 (2). ATM autophosphorylation initiates the conversion of the inactive ATM dimer to an active, monomeric ATM. ATM then phosphorylates multiple proteins involved in the DNA damage response, including nbs1, p53, chk2, and SMC1 (1, 3). These phosphorylated proteins, in turn, regulate the two key responses to DNA damage: the activation of cell-cycle checkpoints and the initiation of DNA repair.
T
he product of the ataxia telangiectasia (AT) gene, the AT mutant (ATM) protein kinase, is a key component of the signal-transduction pathway activated by DNA damage (1) . In response to DNA strand breaks, ATM's kinase activity is upregulated, and ATM becomes autophosphorylated on Ser 1981 (2) . ATM autophosphorylation initiates the conversion of the inactive ATM dimer to an active, monomeric ATM. ATM then phosphorylates multiple proteins involved in the DNA damage response, including nbs1, p53, chk2, and SMC1 (1, 3) . These phosphorylated proteins, in turn, regulate the two key responses to DNA damage: the activation of cell-cycle checkpoints and the initiation of DNA repair.
Although the downstream signaling pathways activated by ATM are well characterized, the mechanism by which DNA strand breaks are detected and how this leads to activation of ATM's kinase activity are less clear. The Mre11͞Rad50͞Nbs1 (MRN) complex, a DNA-binding complex involved in the detection and repair of DNA damage, may play a role in regulating ATM activity. MRN functions as an adaptor protein that links activated ATM with its target proteins [including chk2 (4) and SMC1 (3) ] to allow productive phosphorylation (5, 6) . Biochemical studies have shown that the DNA-dependent activation of ATM's kinase activity requires the functional MRN complex (7, 8) . However, although several studies have demonstrated that activation of ATM's kinase activity in cells lacking functional MRN complex is reduced (6, 9) , other studies have shown that ATM activation is relatively normal in MRN-defective cells (5, 10) . Furthermore, other proteins, including the p18 tumorsuppressor protein (11) , have been shown to participate in ATM activation. Thus, although the MRN complex may regulate ATM activation under certain conditions, additional protein factors may also be required for ATM activation in vivo.
Recent studies have shown that the repair of DNA doublestrand breaks requires the remodeling of chromatin structure (12) (13) (14) . Furthermore, ATM can be activated by changes in chromatin structure that occur independently of DNA damage (2) , leading to the proposal that ATM activation is mediated by alterations in chromatin structure at sites of DNA damage rather than through direct activation of ATM by strand breaks (1, 2) . Chromatin remodeling is linked to the posttranslational modification of histones through phosphorylation, methylation, and acetylation (15) . Histone acetyltransferases (HATs) can acetylate both histones and several nonhistone proteins (13, 15) . Here, we examined whether Tip60, a HAT previously implicated in the DNA-damage response, provides the link between DNA strand breaks in chromatin and the activation of ATM. The results indicate that DNA damage induces rapid acetylation of ATM by a mechanism that depends on the Tip60 HAT. Suppression of Tip60 blocks activation of ATM's kinase activity and sensitizes cells to ionizing radiation (IR). Furthermore, the FATC domain of ATM mediates the interaction between ATM and Tip60, and the HAT activity of this ATM-Tip60 complex is specifically activated by DNA damage. These results indicate that the Tip60 HAT is a key component of the signal-transduction pathway that links the detection of DNA damage to the activation of the ATM protein kinase.
HAT Assays. Extracts were immunoprecipitated as above, except that the high salt wash was omitted. Immunoprecipitates were washed twice in HAT assay buffer (50 mM Tris, pH 8͞10% glycerol͞0.1 mM EDTA͞1 mM DTT), and incubated in 60 l of HAT assay buffer containing acetyl-CoA (100 M) and biotinylated histone H4 peptide (0.5 g) for 30 min at 30°C. An aliquot of the reaction was immobilized onto streptavidin plates and acetylation detected by using a HAT ELISA according to the manufacturer's instructions (Upstate Biotechnology).
ATM Constructs. Point mutations were inserted by site-directed mutagenesis to create restriction sites for SpeI (nucleotide 9279: A9281T͞G9282A) and EcoR1 (nucleotide 9373: A8378C) in the ATM cDNA. The C terminus of ATM was removed by SpeI͞ EcoR1 digestion, and oligonucleotides with overhanging SpeI͞ EcoR1 sites encoding the indicated mutations were inserted.
Results
Initially, we determined whether ATM was acetylated in response to DNA damage. Acetylation of ATM was examined by using a previously characterized acetyllysine-specific antibody (20) . Both bleomycin and low doses of IR (0.5 Gy) induced rapid autophosphorylation and acetylation of ATM (Fig. 1a) . The time course and dose-dependence of ATM acetylation and Ser 1981 autophosphorylation were indistinguishable. Activation of ATM by DNA damage, therefore, correlates with the rapid acetylation and autophosphorylation of the ATM protein. The Tip60 HAT participates in the repair of DNA strand breaks (14, 16 ) and the exchange of phospho-H2Av at sites of DNA damage (12) . To determine whether Tip60 was involved in the acetylation of ATM, HeLa cells overexpressing wild-type Tip60 (Tip60 wt ) or a dominant-negative HAT-deficient Tip60 (Tip60 mt ) were used. The overexpressed Tip60 mt represents Ϸ80% of the cellular Tip60 (see Fig. 6f , which is published as supporting information on the PNAS web site) (16) . ATM was efficiently acetylated and autophosphorylated in HeLa or HeLa Tip60wt cells. In contrast, the autophosphorylation and acetylation of ATM in HeLa Tip60mt cells was greatly reduced (Fig. 1b) , implying that ATM activation requires functional Tip60 protein. To confirm this interpretation, the intrinsic kinase activity of ATM was measured. HeLa cells and HeLa Tip60wt cells retained normal activation of ATM's kinase activity in response to bleomycin (Fig. 1c) . HeLa Tip60mt cells had decreased basal kinase activity that was not activated by exposure to bleomycin. ATM's kinase activity is required for ATM to regulate cell survival after exposure to IR (17) . The failure to fully activate ATM in HeLa Tip60mt cells implies that these cells should be more sensitive to IR. Fig. 1d (18) (Fig. 1d) .
To control for the potential nonspecific effects of the dominant-negative Tip60 mt mutant, siRNAs were used to target the 2 alternatively spliced forms of Tip60 present in HeLa cells. Two different siRNAs decreased expression of Tip60 without affecting the level of ATM (Fig. 2a) or other proteins (Fig. 2c) . This reduction in Tip60 protein levels greatly reduced the autophosphorylation and acetylation of ATM in response to bleomycin (Fig. 2b) . A nonspecific siRNA targeting GFP was without effect. Next, we examined whether Tip60 was required for ATM to phosphorylate the p53 and chk2 proteins. Both chk2 and p53 were phosphorylated in response to bleomycin in control cells (Fig. 2c) . However, Tip60 depletion by siRNA inhibited the ATM-dependent phosphorylation of both p53 and chk2.
The results indicate that functional Tip60 is required for the activation of ATM's kinase activity and for the ability of cells to survive DNA damage. The MRN complex may function as the upstream activator of ATM under some conditions (6, 8) . However, we did not see any significant change in the acetylation or autophosphorylation of ATM in cells with mutations in the nbs1 or mre11 protein subunits of the MRN complex (Fig. 6a) . The MRN complex in our experiments is, therefore, not essential for the acetylation of ATM. Next, we considered how Tip60 activates the ATM protein. The levels of Tip60 protein are unaltered by exposure to bleomycin, and immunoprecipitation experiments demonstrate that ATM and Tip60 can be specifically coprecipitated ( Fig. 6 b and c) . Interestingly, the association between ATM and Tip60 was not altered by DNA damage, and the interaction was resistant to ethidium bromide, indicating that DNA was not required for this association ( Fig. 6 c and d) . ATM and Tip60, therefore, exist as a preformed complex in cells, in the absence of a DNA-damage signal. To determine the stoichiometric relationship between ATM and Tip60, immunodepletion experiments were carried out. Whole-cell extracts were subjected to three consecutive immunoprecipitations with Tip60 antibody, removing all of the Tip60 (Fig. 2d Upper, lanes 1-3) and associated ATM (Lower). Subsequent immunoprecipitation with ATM antibody failed to detect any further ATM protein (Fig. 2d , lane 4). In the reverse experiment, extracts were subjected to three consecutive immunoprecipitations with ATM antibody, removing all of the ATM (Fig. 2d Upper, lanes 5-7) and associated Tip60 (Lower). Subsequent immunoprecipitation with Tip60 antibody yielded significant amounts of Tip60 but no further ATM protein (Fig. 2d, lane 8) . Examination of the whole-cell extracts after immunodepletion demonstrates that the ATM and Tip60 antibodies removed essentially all of the soluble ATM from the whole-cell extracts (Fig. 6e) . Fig. 2d demonstrates that all of the immunodetectable, soluble ATM was complexed with Tip60. The majority of ATM is soluble (Ͼ90% (21), implying that the majority of ATM exists in association with Tip60. Tip60 is the HAT component of the NuA4 complex (13, 22) , which contains the ATM homologue TRRAP. Although several protein components of NuA4 have been implicated in DNA repair (14, 23) , ATM has not been identified as a component of the NuA4 complex (22) . To determine whether NuA4 and ATM constitute distinct Tip60 complexes, cell extracts were immunoprecipitated with antibodies to either ATM or TRRAP. TRRAP antibodies immunoprecipitated TRRAP and associated Tip60 (Fig. 2e) . However, immunoprecipitated TRRAP was not associated with ATM (Fig. 2e) , and immunodepletion of TRRAP complexes from whole-cell extracts did not remove significant amounts of ATM protein. We interpret this to indicate that cells contain at least two distinct Tip60 complexes: the NuA4-Tip60 complex and the ATM-Tip60 complex.
Because neither Tip60 protein levels nor the association of Tip60 with ATM is altered by DNA damage, we inferred that Tip60's HAT activity, itself, must be activated by DNA damage.
The HAT activity of the ATM-Tip60 complex and of the remaining, non-ATM-associated Tip60, was measured. In Fig.  3a , the total cellular Tip60 HAT activity in HeLa and HeLa Tip60wt cells was increased after exposure to bleomycin. As expected, Tip60 HAT activity was minimal in HeLa Tip60mt cells. The free (non-ATM-associated) Tip60 activity was not activated by bleomycin. In contrast, there was specific activation of the HAT activity of the ATM-Tip60 complex after exposure to bleomycin (Fig. 3a, bound) , demonstrating that only the Tip60 associated with ATM is responsive to DNA damage.
ATM phosphorylates multiple proteins (1, 5) , suggesting that ATM may phosphorylate and activate Tip60's HAT activity. To exclude this possibility, we determined whether Tip60 activation required ATM kinase activity. DNA-damage-inducible autophosphorylation and acetylation of ATM was restored in AT cells expressing exogenous ATM (Fig. 3b) . In contrast, kinaseinactive ATM (ATMkd) cells failed to undergo Ser 1981 autophosphorylation, but retained inducible acetylation. Furthermore, the Tip60 HAT activity associated with both ATM and ATMkd was activated by DNA damage (Fig. 3c) . Therefore, both the acetylation of ATM and the activation of Tip60's HAT activity are independent of ATM's kinase activity. Tip60 activation is, therefore, not regulated by ATM's kinase activity.
ATM's kinase domain is wedged between two conserved domains termed the FAT and FATC domains (24, 25). The FAT͞kinase-domain͞FATC structure is present in several ATM-like proteins, including ATM, DNA-PKcs, Atr, and TRRAP (25) , with the C-terminal FATC region exhibiting the highest level of sequence homology. TRRAP is a key component of the NuA4 transcriptional complex (26) , and the C terminus of TRRAP may mediate the association of Tip60 with the NuA4 complex (27) . Because both TRRAP and ATM associate with Tip60 and share a common C-terminal-domain structure, we examined whether the highly conserved FATC domain of ATM was required for the formation of the ATM-Tip60 complex.
Several conserved amino acids in the FATC domain were mutated (Fig. 4a) and the effect on ATM-Tip60 complex formation assessed (Fig. 4b) . Mutations ATM FATC#1 and ATM FATC#2 greatly reduced the interaction between ATM and Tip60 and the autophosphorylation and acetylation of ATM in vivo. ATM FATC#3 also decreased association between ATM and Tip60 and reduced both the acetylation and autophosphorylation of ATM. Mutation ATM FATC#4 had minimal impact. The mutations in the FATC domain that abolish the interaction between ATM and Tip60 will release Tip60 into the general pool of cellular Tip60. In Fig. 3a , only the Tip60 associated with ATM was activated by DNA damage, raising the question of whether Tip60 is still activated, even though it was no longer associated with ATM. The activation of Tip60 in AT cells expressing ATM, ATM FATC#1 , or ATM FATC#2 was measured. ATM FATC#1 had no detectable HAT activity, whereas ATM-FATC#2 retained low levels of bleomycin-induced HAT activity (Fig. 4c) . In AT cells expressing ATM, the total cellular Tip60 HAT activity was increased several-fold by DNA damage (Fig.  4c) . In contrast, the total cellular Tip60 was not significantly increased in either AT cells or AT cells expressing ATM FATC#1 . There was a small but significant increase in Tip60 HAT activity in ATM FATC#2 cells, consistent with the low levels of Tip60 associated with this mutant (Fig. 4b) . These results also were reflected in the ability of each construct to complement the increased radiosensitivity of AT cells (Fig. 4d) . ATM FATC#1 , which has no detectable Tip60 HAT activity, did not alter the radiosensitivity of AT cells, whereas ATM FATC#2 , which retains residual Tip60 HAT activity, retained some functional activity. Although in the specific experiment shown in Fig. 4b , ATM FATC#2 did not display detectable Ser 1981 phosphorylation by Western blot analysis, the more sensitive immunohistochemistry data revealed low levels of phospho-Ser 1981 autophosphorylation of ATM FATC#2 after exposure to IR (Fig. 5b) . Therefore, for each of the mutations, there was a direct correlation between the disruption of the ATM-Tip60 complex, and the loss of ATM activation, as monitored by ATM acetylation, autophosphorylation associated Tip60 HAT activity, and radiosensitivity. Furthermore, the results from Fig. 4 demonstrate that only the Tip60 associated with ATM is activated in response to DNA damage.
Activated ATM forms IR-induced foci (IRIF) and colocalizes with other DNA-damage-response proteins, such as H2AX (28) . ATM and Tip60 colocalized to IRIF after exposure to low (0.5 Gy) doses of radiation (Fig. 5a ). Tip60 also colocalized with ␥H2AX after exposure to IR (see Fig. 7 , which is published as supporting information on the PNAS web site). Tip60 is, therefore, rapidly recruited to sites of DNA damage. We next examined whether the formation of Tip60 IRIF depended on ATM. In AT cells, no ATM or Tip60 foci were seen, whereas AT cells complemented with wild-type ATM displayed both ATM and Tip60 IRIF (Fig. 5b) . No Tip60 or ATM foci were detected with the ATM FATC#1 mutant, consistent with the inability of this construct to associate with Tip60. However, a small number of Tip60 and ATM IRIF were detected in the ATM FATC#2 mutant cells, consistent with the low levels of Tip60 HAT activity and the small decrease in radiosensitivity seen with ATM FATC#2 (Fig. 4) . These results clearly demonstrate that ATM and Tip60 must be associated for both the activation of Tip60 (Fig. 4) and the formation of IRIF (Fig. 5b) . Next, we determined whether ATM's kinase activity was required for the formation of IRIF. Surprisingly, the kinase-inactive ATM, which retains DNAdamage-induced Tip60 activation (Fig. 3) , is also permissive for the formation of Tip60 IRIF. Thus, ATM's kinase activity is not required for the recruitment of the ATM-Tip60 complex to sites of DNA damage.
Discussion
The results demonstrate a key role for Tip60 in the cell's response to DNA damage. The rapid activation of Tip60's HAT activity and the recruitment of Tip60 to sites of DNA damage defines Tip60 as a DNA-damage-response protein, consistent with reports demonstrating that Tip60 is essential for the acetylation of histone H4 (14) , the repair of DNA strand breaks (14, 16) , and the removal of phospho-H2Av after DNA damage (12) . The rapid acetylation of ATM occurs within the same time frame as the phosphorylation of H2AX (29) and the autophosphorylation of ATM (2), placing ATM acetylation among the earliest events to occur in response to DNA strand breaks. The observation that ATM activation requires Tip60's HAT activity implies that acetylation of ATM is essential for activation of the ATM protein kinase. However, identification of the acetylated lysine residues will be required to determine how acetylation regulates ATM.
Cells contain multiple Tip60 complexes, including the NuA4-Tip60 chromatin remodeling complex (13, 22) and a smaller complex termed picNuA4 (16, 30) . No interaction between ATM and the NuA4 subunit TRRAP was detected (Fig. 2e) , and ATM has not been previously identified as a component of NuA4 (16, 22) . In addition, only the Tip60 associated with ATM was activated by DNA damage (Fig. 3) . Although several protein components of NuA4 have been implicated in DNA repair (14, 23) , the results indicate that NuA4-Tip60 and ATM-Tip60 represent distinct functional Tip60 complexes. Therefore, despite both complexes using Tip60 to provide HAT activity, NuA4 and ATM will likely have distinct functions in the DNA-damage response. For example, the Arp4 subunit of yeast NuA4 targets NuA4 to ␥H2AX after DNA damage (23) . The recruitment of NuA4 to ␥H2AX may be responsible for chromatin remodeling at sites of DNA damage, including the acetylation and removal of phospho-H2Av by Tip60 (12) . The ATM-Tip60 complex may activate cellular signaling pathways directed toward regulating cell-cycle progression and related ATM-dependent processes. Furthermore, because ATM phosphorylates H2AX, the ATMTip60 complex must act upstream of the NuA4-Tip60 complex in the DNA-damage response.
The FATC domain at the C terminus of ATM functions as the binding domain for the Tip60 HAT. However, no direct interaction between the FATC domain of ATM and Tip60 has been observed (B.D.P., unpublished observation). Previous reports indicate that the association of Tip60 with NuA4 requires TRRAP (27) and is mediated by the epc1 protein (30) . Tip60 may, therefore, be linked to the FATC domain of ATM by one or more intermediary proteins. The C-terminal FATC domains of the TRRAP, ATM, DNA-PKcs, and Atr proteins are highly conserved (Fig. 4) , predicting that Atr and DNA-PKcs are also associated with Tip60 or a related HAT and that Atr and DNA-PKcs may be acetylated in response to DNA damage. Interestingly, truncating mutations that delete part or all of the FATC domain of ATM have been reported from patients with AT and B cell chronic lymphocytic leukemia (31, 32) . Our results indicate that these deletions would block ATM-Tip60 association and compromise ATM activation, accounting for the classical AT phenotypes described in those patients (32) .
Current data indicate that the activation of ATM's kinase leads to the autophosphorylation of Ser 1981 and subsequent dissociation of the inactive ATM dimer into active ATM monomers (2) . We propose that the initial step in the ATM DNA repair pathway is up-regulation of Tip60's HAT activity. This up-regulation of Tip60 HAT activity does not require a functional ATM kinase domain, indicating that Tip60 is upstream of ATM's kinase activity. However, up-regulation of Tip60's HAT activity requires that it be associated with ATM, indicating a kinase-independent function for ATM in Tip60 activation. For example, ATM may bring Tip60 to sites of DNA damage, or ATM may associate with regulatory proteins at or near sites of DNA damage. One potential mechanism for this activation step would be through the interaction of Tip60's chromodomain with methylated lysine residues on histones (33) . Previous work has shown that methylated histones at sites of DNA damage can recruit the 53BP1 protein (34). Tip60's chromodomain could interact with methylated histones that are exposed at the site of DNA damage. This interaction would activate Tip60's HAT activity, and ATM would become acetylated at one or more lysine residues. The acetylation of ATM by Tip60 may facilitate dimer-monomer transitions or may activate ATM's kinase activity, allowing for autophosphorylation of ATM. The fully activated ATM-Tip60 complex is then free to phosphorylate key target proteins. These results are consistent with previous observations that ATM activation requires changes in chromatin structure (2) . Tip60, therefore, provides the essential link to explain how changes in chromatin structure can contribute to the activation of the ATM protein kinase. Although some studies have indicated that the MRN complex participates in the activation of ATM (6 -9), we found that, consistent with other reports (5, 10) , the acetylation and autophosphorylation of ATM did not require a functional MRN complex.
The recruitment of ATM to IRIF is thought to occur through a direct interaction between activated ATM and MRN (6, 8) . However, the kinase-inactive ATM-Tip60 complex was efficiently recruited to IRIF. The autophosphorylation and activation of ATM's kinase activity are, therefore, not required for the recruitment of ATM to IRIF. Recruitment of ATM to IRIF could, therefore, either depend on ATM acetylation or be mediated by conformational changes in MRN after DNA damage.
In conclusion, the results demonstrate that the Tip60 HAT is a key component of the signal-transduction pathway that links the detection of DNA strand breaks to the activation of the ATM protein. Furthermore, this activated ATM kinase remains associated with the activated Tip60. Cells exposed to DNA damage will, therefore, contain an activated ATM-Tip60 complex with dual protein kinase and protein acetyltransferase activity. The ATM-Tip60 complex may, therefore, regulate the cell's response to DNA damage through both phosphorylation and acetylation of key target proteins.
